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Abstract
Vanadium incorporated hexagonal mesoporous aluminophosphate characteristic of MCM-41 has been

synthesized. Characterization of the catalyst has been done by using low angle XRD, N2 adsorption, UV-
VIS DRS, thermal analysis, XPS and ESR spectroscopy. These techniques confirm the presence of vana-
dium in both +4 and +5 oxidation states in the calcined material. Liquid phase partial oxidation of toluene
has been carried out on V-AlPO using 70% TBHP and 30% H2O2 as oxidants. When 70% TBHP is used as
an oxidant, it resulted in side chain oxidation giving rise to aldehyde/acid where as with 30% H2O2, side
chain as well as ring oxidation takes place. Catalytic activity of V-AlPO has been  compared with that of V-
MCM-48 and other vanadium containing catalytic systems. It has been observed that mesoporous V-AlPO
shows higher conversion and is also selective towards side chain oxidation products. The higher conversion
of V-AlPO over V-MCM-48 has been attributed to the stabilization of the active V+5/+4 species in AlPO
framework as compared to silicate analogue.
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Introduction

Catalytic oxidation of hydrocarbons in general is
employed in the manufacture of fine chemicals. For
the oxidation of aromatic hydrocarbons, homogeneous
catalysts like sulfuric acid, various transition metal
salts and phosphoric acid have been used  [1,2]. How-
ever, solid catalysts like microporous aluminosilicates
and aluminophosphates exhibit several advantages
when compared to their homogeneous counterparts,
e.g. ease of recovery, recycling and amenability to
continuous processing [3]. The success of TS-1, a
microporous titanosilicate, where titanium was iso-
morphously substituted into the framework of silica
provoked a spate of activity in the development and
application of redox molecular sieves containing metal
ions other than titanium in organic synthesis [4]. Other
than TS-1, VS-1, ZrS-1 and SnS-1 have been used
for the oxidation of toluene [5-7]. Transition metal
substituted Aluminophosphates like V-AlPO, Cr-
AlPO have also been used as catalysts for the oxida-
tion of aromatic substrates [8,9]. Though these
microporous catalysts are active for the oxidation of
toluene, the pore sizes of these materials limit their
applications. With the recent discovery of mesoporous
materials, the activity of transition metal containing

MCM-41, MCM-48, HMS has been tested for the
oxidation of alkylbenzenes with peroxides as oxidants
[10,11]. But little attention has been paid to synthe-
size mesoporous aluminophosphates.  Among the suc-
cessful attempts, Si, Ti and Mn, Cr and V- have been
incorporated into the framework of hexagonal
mesoporous aluminophosphates and the resulting sys-
tems are active for various catalytic processes [12-
17]. The present communication deals with the syn-
thesis of V-analogues of mesoporous aluminophos-
phates via surfactant based hydrothermal method. The
catalytic activity was tested for the partial oxidation
of toluene with 70% tertiary butyl hydroperoxide
(TBHP) and 30% hydrogen peroxide (H2O2) as oxi-
dants and the activity was compared with that of V-
MCM-48, V-MCM-41 and other reported systems.

Experimental

Synthesis of V-AlPO

Mesoporous vanadoaluminophosphate was pre-
pared using cetyltrimethylammonium bromide
(CTAB) as surfactant and with the following gel com-
position. Al2O3:xP2O5: yV2O5:zCTAB:TMAOH :
wH2O, where x = 2.0-2.5, y = 0.01-0.2, z = 0.4-0.5
and w = 300-350. Various sources of aluminium have
been tried and aluminium hydroxide has been chosen
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as the source. The pH of the gel was maintained at
9.5 with tetramethylammonium hydroxide (TMAOH),
as the use of other sources like NaOH and NH4OH
led only to amorphous materials. The resulting gel
was aged at room temperature for 3h followed by au-
toclaving at 423 K for 24 h. The solid was filtered,
washed several times with deionised water and calcined
at 773 K for six hours to remove the organic tem-
plate.

Synthesis of mesoporous V-MCM-48

Sodium hydroxide was added to an aqueous solu-
tion of cetyltrimethylammonium bromide (CTAB) and
stirred for 30 min. To this tetraethylorthosilicate and
aqueous solution of vanadyl acetylacetonate was
added. The resulting homogeneous gel was found to
have the composition SiO2: VxOy: CTAB : Na2O :
EtOH:H2O = 2.0:0.015:0.24:0.5:5.0:195. The gel
was stirred for 3 h at room temperature, and auto-
claved at 423 K for 10 h. Filtration followed by
calcination at 823 K for 6 h resulted in the formation
of V-MCM-48.

Characterization

Various techniques have been used for the
characterization of the materials synthesized. The low
angle X-ray diffraction pattern of the sample was
recorded on a Siemens D 500 (θ/2θ) using mono-
chromatic Cu Kα radiation (λ = 1.5406 Å) with a scan
speed of 1°/min over the range 2 < 2θ< 10°. Thermal
analyses of the samples were made with thermal
analyser (Perkin Elmer model TGA 7) at a heating
rate of 20 °C/min. Diffuse reflectance UV-VIS spec-
tra were recorded on a Cary 5 E UV-VISNIR spec-
trophotometer. ESR spectra were recorded with
Varian E–112 spectrometer at room temperature. N2

adsorption–desorption measurements at 77 K were
made using CE instruments, Sorptomatic 1990. The
sample was out gassed at 473 K for 12 h. X-ray pho-
toelectron spectroscopic measurements (XPS) were
performed on a PHI-550 ESCA-System (Perkin-Elmer
GmbH).

Catalytic activity

Oxidation of toluene over V-AlPO and V-MCM-
48 was carried out at 333K in a three necked round
bottomed flask under reflux conditions using 70%
TBHP as oxidant. Acetonitrile was used as a solvent.
After each experiment the catalyst was filtered and

dried. The dried catalysts were then calcined in air at
673 K for 6 h and reused. The results were compared
with those reported in literature. The same reaction
was carried out using 30% H2O2 as oxidant and
acetonitrile as solvent. After each experiment, XRD
was recorded to examine the morphological changes
in the catalyst. The reaction products were identified
by GC-MS (Hewlett-Packard, HPG 1800A GCD sys-
tem, HP-5) and analysed by gas chromatograph
(Shimadzu GC-14A, 30m HP-5. FID).

Results and discussion

XRD

The XRD pattern of V-AlPO is shown in Fig.1.
XRD pattern shows a prominent peak corresponding
to (100) reflection followed by weaker but clear peaks
corresponding to (110) and (200) reflections, which
can be indexed to a hexagonal lattice similar to MCM-
41. After calcination, slight decrease in d100 was ob-
served; this could be due to structural contraction
during calcination processes. Tetramethylammonium
hydroxide was used as a base for the synthesis of
aluminophosphates. However, the use of NaOH and
NH4OH resulted in amorphous materials. The func-
tion of organic base is to modify the electrostatic in-
teraction and thereby the formation of a weak ion pairs
(I−----TMA+). If NaOH is used the Na+ ions with a
small ionic radius than TMA+ has stronger ion-pair
interaction with the aluminophosphate species and
thereby preventing sufficient interaction with the
cationic assembly [18].

XRD patterns of the MCM-48 materials are shown
in Fig. 2. It can be seen that ordered MCM-48
mesoporous materials consistent with an Ia3d cubic
symmetry were obtained.   In this approach, MCM-
48 materials have been synthesised at lower con-
centrations of the template. V-MCM-48 shows a
maximum intense peak corresponding to (211) with a
d-spacing value of 35.30 Å, which upon calcination
decreased to 33.40 Å indicating the contraction of
the structure during calcination. In addition to (211),
these materials exhibit less intense peaks correspond-
ing to (220), (321) and (400) reflections [19].

N2 adsorption

N2 adsorption-desorption isotherms of V-AlPO and
V-MCM-48 are shown in Fig. 3.   In the case V-
AlPO, N2 adsorption isotherms are of type IV with a
small hysterisis loop characteristic of mesoporous ma-
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Fig. 1. XRD pattern of V-AlPO (a) uncalcined (b) calcined.

Fig. 2. XRD pattern of V-MCM-48 (a) uncalcined (b)
calcined.

Fig. 3.  N2 adsorption-desorption isotherms of (a) V-
MCM-48 (b) V-AlPO.

mesoporous materials. BET surface area of V-MCM-
48 is ~ 850 m2/g and average pore size is 28 Å.

ESR spectroscopy

The ESR spectra of as synthesised and calcined
AlPO are shown in Fig. 4. The ESR spectrum of as
synthesised material, which originated from the d1

electron interaction with nuclear spin (In= 7/2) of 51V.
The ESR parameters (g||= 1.948, g⊥ = 1.991, A|| = 191G
and A⊥ = 65 G) indicate the presence of V+4 in dis-
torted Oh environment [20]. Upon calcination, the sig-
nal intensity decreased with increase in the sharpness.
This could be due to partial conversion of V+4 to V+5

during calcination. This is further supported by XPS
studies.

XPS studies

The XPS spectrum of calcined V-ALPO in V2p
region (515-518 eV) shown in Fig.5 indicates two
peaks: one corresponding to V+4 at 516 eV and other
one corresponding to V+5 at 517.4 eV. This confirms
our contention that during calcination partial oxida-
tion of vanadium takes place.  XPS in combination
with ESR data confirm the presence both +4 and +5
oxidation states of vanadium.

Catalytic activity

The oxidation of toluene with 70% TBHP over
V-AlPO and V-MCM-48 has been carried out with

terials. The isotherms have an inflection around p/po

= 0.2-0.3 indicative of mesoporous nature. The BET
surface area is ~ 650 m2/g, with an average pore size
distributed around 29 Å.

The N2 adsorption-desorption isotherms for V-
MCM-48 are also of type IV. The isotherms also have
an inflection around p/po = 0.2-0.3 indicative of
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acetonitrile as a solvent. The results obtained are
compared with various heterogeneous catalytic sys-
tems and are summarized in Table 1. Though VAPO-
31 has higher conversion (44%), the selectivity to side
chain oxidation product is less compared to meso-
porous materials. The oxidation of toluene over meso-
porous catalysts produced benzaldehyde/acid and
benzyl alcohol with high selectivity towards aldehyde/
acid (up to 97%). Interestingly, under the reaction
conditions employed for the oxidation of toluene with
TBHP, it was observed that both V-AlPO as well as

Fig. 4.  ESR spectra of V-AlPO (a) uncalcined (b) calcined.

Fig. 5.  XPS of V-AlPO (calcined).

V-MCM-48 have not produced detectable amounts
of cresols indicating that these catalysts are promis-
ing side chain oxidation catalysts. Among meso-
porous catalysts, V-AlPO has shown a slightly higher
conversion and selectivity over aluminosilicate ana-
logue. This could be due to the higher dispersion of
active species in mesoporous aluminophosphate net-
work.

The data on the comparative activity of various
catalytic systems for the oxidation of toluene with
30% H2O2 in acetonitrile are given in Table 2.
Though homogeneous catalysts show higher activity
for toluene oxidation, their selectivity is higher for
ring oxidation giving cresols as major products. How-
ever, heterogeneous catalysts show higher selectivity
to side chain oxidation giving aldehyde/acid and al-

aC ylat ts )K(pmeT
oTfo.vnoC ul ene

)%(

)%(ytivitcelestcudorP

sloserc)p/o( dica/edyhedlazneB lohoclalyzneB srehtO

13-OPAV 303 0.44 --- 0.56 0.6 0.92

OPLA-V a 333 5.12 --- 1.69 9.3 --

84-MCM-V a 333 4.91 --- 5.49 5.2 0.3

]12[1-S-rC 353 4.81 7.0 5.82 7.52 1.54 #

]6[5-OPAV 343 0.31 --- 0.98 0.5 0.6

]5[1-SV 353 3.8 0.8 0.85 8.42 ---

]22[1-S/rC 353 3.3 6.5 4.75 0.73 ---

B al kn ]22[ 353 1.2 --- 99> --- ---

Table 1
Performance of various catalysts for oxidation of toluene with 70% TBHP

Reaction conditions: weight of the catalyst = 100 mg, solvent --- acetonitrile, reaction duration (t)  = 24 h
a  reaction duration --- 6 h
#
  -- dibenzyl
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cohol. Under the reaction conditions employed,
among heterogeneous catalysts, V-AlPO exhibit high-

er conversion (28.4%) with higher selectivity (~78%)
to side chain oxidation products.

aC ylat ts eT pm )K(
oTfO.vnoC ul ene

)%(

dorP u celestc tiv ti )%(y

sloserc)p/o( eB zn edla h dica/edy eB nz lohoclaly O ht sre

OPLA-V a 333 4.82 8.12 2.37 0.4 0.1

84-MCM-V a 333 7.22 5.52 5.86 5.1 0.4

14-MCM-V a ]32[ 333 8.02 0.43 0.26 0.2 0.2

ateB-lA-V a ]42[ 333 0.41 0.83 0.65 0.4 0.2

2-SV a ]52[ 333 7.11 8.63 2.25 7.7 7.3

Van oxorepoda
oc m ]62[xelp

303 0.25 2.69 8.3 -- ---

H4 oMVP 11 O 04 ]72[ 303 6.12 2.98 1.01 1< --

H5 VP 2 oM 01 O 04 303 6.52 5.19 7.7 1< --

H6 VP 3 oM 9O 04 303 3.84 6.19 4.8 -- --

H5 VP 2 oM 01 O 04 133 4.53 4.19 6.8 -- --

Table 2
Performance of various catalysts for oxidation of toluene with 30 % H2O2

Reaction conditions: weight of the catalyst = 100 mg; solvent –acetonitrile, duration of the reaction (t) = 3 h
aduration of the reaction (t) = 18 h

Conclusions

Even though vanadium peroxo complex is a well-
known oxidation catalyst for nearly four decades or
more, it is possible now to make use of vanadium
(+5/+4) in controlled environments to carryout selec-
tive oxidation by proper choice of the oxidant. It is
possible to design catalyst systems, which can pro-
vide selectivity greater than 80%. It is presumed that
these catalytic systems will soon be exploited for
commercial operations.

Acknowledgements

Authors are thankful to B. Louis, EPFL, Switzer-
land for his help in characterizing the catalysts.

References

1. R.A. Sheldon, CHEMTECH (1994) 38.
2. R.A.Sheldon, J.K. Kochi, Metal Catalysed Oxi-

dations of organic compounds, Academic Press,
New York 1981

3. R. Parton, D. De Vos, P.A. Jacobs, Zeolite
Microporous Solids: Synthesis, Structure and
Reactivity, in: E.G. Derouane et al. (Ed.), Kluwer,
Dordrecht, The Netherlands, (1992) 555

4. B. Notari, Stud. Surf. Sci. Catal. 37 (1983) 413.
5. P.H. Hari Prasad Rao, A. V. Ramaswamy, J.

Chem. Soc. Chem. Commun. (1992) 1245.
6. M.K. Dongare, P. Singh, P.P. Moghe, P.

Ratnasamy, Zeolites 11 (1991) 690.
7. N.K. Mal, V. Ramaswamy, S. Ganapathy, A. V.

Ramaswamy, J. Chem. Soc. Chem. Commun.
(1995) 1933

8. S.T. Wilson, B. M. Lok, C. A. Messina, T. R.
Cannan and E. M. Flanigen, J. Am. Chem.  Soc.
104 (1982) 1176.

9. E.M. Flanigen, B.M. Lok, R.L. Patton, S.T.
Wilson, in: Proceedings of the 7th International
Zeolite Conference, Tokyo, Japan, 1986, p. 103.

10. T. Kresge, M.E. Leonowicz, W.J.  Roth, J.C.
Vartuli, J.S. Beck, Nature 359 (1992) 710.

11. A. Tuel, S. Gonier, R. Teissier, J. Chem. Soc.
Chem. Commun. (1996) 651.

12. B. Chakraborty, A.C. Pulikottil, S. Das, B.



Eurasian ChemTech Journal  4 (2002) 169-174

Mesoporous V-AlPO – New Partial Oxidation Catalyst174

Viswanathan, J. Chem. Soc. Chem. Commun.
(1997) 911.

13. M.P. Kapoor, Anuj Raj, Appl. Catal. A 203
(2000) 311.

14. D. Zhao, Z. Luan, L. Kevan, J. Phys. Chem.,
101 (1997) 6943.

15. Ch. Subrahmanyam, B. Louis, F. Rainone, B.
Viswanathan, A. Renken, T.K. Varadarajan,
Catal. Commun., 3 (2002) 45.

16. Ch. Subrahmanyam, B. Louis, F. Rainone, B.
Viswanathan, A. Renken, T.K. Varadarajan,
Appl. Catal., (in press)

17. Ch. Subrahmanyam, B. Louis, B. Viswanathan,
A. Renken, T.K. Varadarajan, Micro.Meso.
Mater., (under revision)

18. D. Zhao, Z. Luan, L. Keven, J. Chem. Soc.
Chem. Commun. (1997) 1009.

19. Ch. Subrahmanyam, B. Louis, B. Viswanathan,
A. Renken, T.K. Varadarajan, Eurasian Chemico-
Technological Journal 3 (2001) 59.

20. T. Sen, P. R. Rajamohanan, S. Ganapathy, S.
Sivasankar, J. Catal. 163 (1996) 354.

21. A.P. Singh, T. Selvem, J. Mol. Catal. A: Chemical
113 (1996) 489.

22. M.S. Rigutto, H. van Bekkum, J. Mol. Catal.
81(1993) 77.

23. M. Chatterjee, T. Iwasaki, H. Hayashi, Y. Ono-
dera, T. Ebina, T. Nagase, Chem.Mater. 11
(1999) 1368.

24. Tapas Sen, Maya Chatterjee, S. Sivasanker, J.
Chem. Soc. Chem. Commun. (1995) 207.

25. P.H. Hari Prasad Rao, A. A. Belhekar, S.G.
Hegde, A. V. Ramaswamy, P. Ratnasamy, J.
Catal, 141 (1993) 595.

26. A.V. Ramaswamy, S. Sivasankar, Catal. Lett.  22
(1993) 239.

27. Athilakshmi, Ph.D. Thesis (1996) IIT Madras,
India.

Received  8 May 2002.


